The structural requirements for DNA/RNA hybrids to be suitable substrates for RNase H1 are well described; however the tolerance level of this enzyme towards modi®cations that do not alter the duplex conformation is not clearly understood, especially with respect to the sense RNA strand. In order to investigate the molecular requirements of Escherichia coli RNase H1 (termed RNase H1 here) with respect to the sense RNA strand, we synthesized a series of oligonucleotides containing 2¢-deoxy-2¢-¯uoro-b-D-ribose (2¢F-RNA) as a substitute for the natural b-D-ribose sugars found in RNA. Our results from a series of RNase H1 binding and cleavage studies indicated that 2¢F-RNA/DNA hybrids are not substrates of RNase H1 and ultimately led to the conclusion that the 2¢-hydroxyl moiety of the RNA strand in a DNA/RNA hybrid is required for both binding and hydrolysis by RNase H1. Through the synthesis of a series of chimeric sense oligonucleotides of mixed RNA and 2¢F-RNA composition, the gap requirements of RNase H1 within the sense strand were examined. Results from these studies showed that RNase H1 requires at least ®ve or six natural RNA residues within the sense RNA strand of a hybrid substrate for both binding and hydrolysis. The RNase H1-mediated degradation patterns of these hybrids agree with previous suggestions on the processivity of RNase H1, mainly that the binding site is located 5¢ to the catalytic site with respect to the sense strand. They also suggest, however, that the binding and catalytic domains of RNase H1 might be closer than has been previously suggested. In addition to the above, physicochemical studies have revealed the thermal stabilities and relative conformations of these modi®ed heteroduplexes under physiological conditions. These ®ndings offer further insights into the physical binding and catalytic properties of the RNase H1±substrate interaction, and have been incorporated into a general model summarizing the mechanism of action of this unique enzyme.
INTRODUCTION
The ribonuclease H (RNase H) class of enzymes are endonucleases that cleave the RNA moiety of RNA/DNA hybrids in the presence of divalent cations such as Mg 2+ or Mn 2+ leaving 5¢-phosphate and 3¢-hydroxyl oligonucleotide products (1, 2) . RNase H was ®rst described in 1970 by Hausen and Stein (3) in calf thymus, and since then RNase H proteins have been found in a wide variety of organisms, ranging from bacteria to vertebrates. A signi®cant function of RNase H is its critical action in the life cycle of retroviruses such as the human immunode®ciency virus (HIV) (4) and, as such, RNase H serves as an ideal drug target for anti-HIV therapies. RNase H1 from Escherichia coli is structurally homologous to that of HIV-1 and mammalian RNase H, and is the best characterized member of the family. Although the X-ray crystal structure of E.coli RNase H1 has been determined (5±7), a tertiary structure of the complex between E.coli RNase H1 and its substrate has yet to be resolved. Despite the extensive studies conducted, the biological role of this enzyme is not yet well de®ned. Escherichia coli RNase H1 has, however, been implicated in DNA replication and repair (8) and in chromosomal DNA replication (9) .
The use of antisense oligonucleotides (AONs) as selective inhibitors of gene expression offers a rational approach for the prevention and treatment of some gene-mediated disorders. The three most commonly exploited therapeutic routes of AONs include translation arrest, splicing arrest and activation of RNase H1. The RNase H1-mediated degradation of a target mRNA is considered the most effective mode of action of AONs (10, 11) for it is simply more potent than ones which are limited to interfering with the splicing or translational machinery. As such, understanding the mechanisms of catalytic function and substrate recognition for RNase H1 is critical in the design of future potential antisense oligonucleotides, as well as for the design of potential inhibitors of retroviral reverse transcriptases such as HIV.
While many AONs display promising af®nities for RNA, only a handful form hybrids with RNA that are recognized and cleaved by RNase H1. These include DNA (12) , phosphorothioate DNA (S-DNA) (13, 14) , cyclohexene nucleic acids (CeNA) (15) , b-D-arabinonucleic acids (ANA) (16) and 2¢-deoxy-2¢-¯uoro-b-D-arabinonucleic acids (2¢F-ANA) (17) . Of these, ANA and 2¢F-ANA represent the ®rst and only examples of 2¢-modi®ed b-D-furanoside AON that are recognized and cleaved by RNase H1.
The crystal structure of E.coli RNase H1 suggests that the active site is nestled within a cluster of lysines (7) . These positively charged amino acids are believed to bind electrostatically to the heteroduplex and thus de®ne the binding surface of the enzyme (18) . The interaction between the binding surface of the enzyme and the phosphate groups on the substrate is postulated to take place within the minor groove of the heteroduplex (18, 19) . For this reason, the minor groove width is believed to be an important structural parameter for DNA/RNA hybrids that enables them to act as substrates of RNase H1 (19) . RNase H1 does not bind to double-stranded DNA or single-stranded nucleic acids and although the enzyme is capable of binding to RNA/RNA hybrids, it does not hydrolyze them (20) . Studies have shown that the minor groove width of DNA/RNA hybrid duplexes is 8.5 A Ê , lying between that of A-form RNA/RNA hybrids (11 A Ê ) and B-form DNA/DNA hybrids (7.5 A Ê ) (19) . Presumably, it is this difference that allows RNase H1 to discriminate between DNA/RNA and RNA/RNA species. Moreover, it has also been suggested that any heteroduplex which contains protrusions in the minor groove or its proximity (e.g. 2¢-O-alkyl RNA/RNA) will interfere with binding to the active site and ultimately preclude the activity of the enzyme (18) .
Structural requirements for DNA/RNA hybrids to be suitable substrates for RNase H1 are well described (18±22); however, the tolerance level of this enzyme towards modi®-cations which do not alter the conformation of the duplex is not clearly understood, especially with respect to the sense RNA strand. Not surprisingly, due to their therapeutic applicability, the majority of experiments to date have focused on determining modi®cations that are tolerated by RNase H1 within the antisense strand (AON). One of the aims of this study was to examine the molecular requirements imposed on RNase H1 by the sense RNA strand.
Our initial objective was to examine whether a fully modi®ed sense oligonucleotide, upon hybridization with a proven RNase H1-inducing DNA target, is capable of being degraded by RNase H1. The most conservative RNA analog with respect to possible changes in chemical structure is probably 2¢-deoxy-2¢-¯uoro-b-D-ribonucleic acid (2¢F-RNA), where the 2¢-OH group is replaced by a¯uorine.
The ability of¯uorine to serve as a`hydroxyl mimic' and participate in hydrogen bonding has been extensively described (23) . The electronegativities of a hydroxyl group and¯uorine are very similar, and the van der Waals radius of uorine is 1.47 A Ê , which lies in between that of oxygen (1.57 A Ê ) and hydrogen (1.2 A Ê ) (23) . Accordingly,¯uorine, just as the natural hydroxyl functionality, drives the sugar of 2¢F-RNA to the C3¢-endo conformation due to the gauche effect, ultimately leading a fully modi®ed rF-RNA oligonucleotide, like RNA, to adopt the A-form helix conformation (24, 25) . This is evident from the similar circular dichroic (CD) spectra of 2¢F-RNA/RNA duplexes, which indicate that they belong to the A-form conformational family, with the sugars puckering in the C3¢-endo conformation (26) . The only signi®cant difference between the two moieties is that whereas a hydroxyl group can serve as a strong hydrogen bond donor and acceptor,¯uorine is only capable of acting as a weaker acceptor (27) .
Oligonucleotides containing 2¢-deoxy-2¢-¯uoro-b-D-ribose were ®rst investigated as potential antisense agents by ISIS Pharmaceuticals in 1993 (26) . 2¢F-RNA was found to have high binding af®nity and selectivity for RNA targets, but unfortunately was not found to be resistant to nucleases and did not elicit RNase H1 activity when bound to RNA. Our objective, however, was not to employ 2¢F-RNA for its potential antisense properties, but rather as a modi®ed oligonucleotide to investigate the molecular requirement of RNase H1 within the sense strand.
In this report, we have conducted several binding and RNase H1 induction assays involving a series of modi®ed sense oligoribonucleotides containing 2¢-deoxy-2¢-¯uoro-b-Dribose acting as a substitute for the natural D-ribose. In the process, we have shown that the 2¢-OH moiety of the RNA strand in an RNA/DNA duplex is required for both binding and catalysis by E.coli RNase H1. Furthermore, we have also determined the minimum number of natural RNA residues required within the sense strand to elicit RNase H1 activity. These studies increase our understanding of the speci®c molecular requirements of RNase H1 with respect to the sense strand and the physical binding properties of the RNase H± substrate interaction. 
MATERIALS AND METHODS

Materials
Oligonucleotide synthesis
Oligonucleotides were synthesized on a PerSeptive Biosystems Expedite 8909 Nucleic Acid Synthesizer using standard phosphoramidite chemistry and 3¢-nucleoside±long chain alkylamine controlled pore glass (CPG) (500 A Ê ) derivatized according to the procedure of Damha et al. (28) . Nucleoside monomers were dissolved to 0.11 M in anhydrous acetonitrile. Prior to chain assembly, the solid support was treated with the capping reagents acetic anhydride Nmethylimidazole 4-(dimethylamino)pyridine. The 5¢-terminal trityl group was removed by the synthesizer and the oligomers were then removed from the support and deprotected by treatment of the CPG with a 1 m1 solution containing concentrated ammonium hydroxide/ethanol (3:1 v/v) for 2 days at room temperature. The ammonium hydroxide/ ethanol solution was evaporated and the crude product puri®ed by anion exchange HPLC and desalted on a Sephadex G-25 column (29) . Oligoribonucleotides and deoxyribonucleotides were assembled on the same instrument using silyl phosphoramidite chemistry as previously described (29) .
UV thermal denaturation studies
UV thermal denaturation data were obtained on a Varian Cary 1 UV-vis spectrophotometer equipped with a Peltier temperature controller. Molar extinction coef®cients for 2¢F-RNA and 2¢F-ANA were assumed to be the same as those of normal RNA and DNA strands, respectively. Samples were heated to 80±90°C for 15 min, then cooled slowly to room temperature and stored at 4°C overnight before measurements. Prior to the thermal run, samples were degassed by placing them in a Savant lyophilizer (2 min). Absorbance values were recorded after equilibration as the temperature was increased incrementally by 0.5°C at 1 min intervals (buffer: 140 mM K + , 1 mM Mg 2+ and 5 mM Na 2 HPO 4 , pH 7.2). To compare relative overall changes in absorbance, normalized DA plots were constructed according to the method of Wilson and coworkers (30) by use of the formula (A t ± A i )/A f , where A i is the initial absorbance, A f is the ®nal absorbance and A t is the absorbance measured at each time point. Hyperchromicity values (%H) are reported as the percent increase in absorbance at the wavelength of interest with respect to the ®nal absorbance. T m values were calculated using the baseline method reported by Puglisi and Tinoco (31) and generally have an uncertainty of T0.5°C.
CD spectra
CD spectra were obtained on a Jasco J-710 spectropolarimeter equipped with a NESLAB RTE-111 circulating bath. Samples were allowed to equilibrate for 5±10 min at the appropriate temperatures (buffer: 140 mM K + , 1 mM Mg 2+ and 5 mM Na 2 HPO 4 , pH 7.2). Each spectrum was an average of ®ve scans and was collected at a rate of 100 nm/min with a bandwidth of 1 nm and sampling wavelength of 0.2 nm. The CD spectra were recorded from 350 to 200 nm at 5°C and normalized by subtraction of the background scan with buffer. The molar ellipticity was calculated from the equation [q] = q/Cl, where q is the relative ellipticity (millidegrees), C is the molar concentration of oligonucleotides (mol/l) and l is the path length of the cell (cm). The data were processed with Windows-based software supplied by the manufacturer (JASCO, Inc.).
P labeling of oligonucleotides
The 18mer RNA or RNA analog was 5¢ end-labeled with 32 P using [g-32 P]ATP and T4 polynucleotide kinase following standard procedures (32) . The labeled RNA was puri®ed by 20% denaturing PAGE (33) and desalted using NAP-5 columns containing Sephadex G-25 Medium of DNA grade (APB). The counts per minute for puri®ed labeled samples were quantitated using a Bioscan QC 2000 counter (Washington, DC).
RNase H1 cleavage assays
The ability of oligonucleotides to elicit RNase H1 degradation of the target RNA was determined in assays (50 ml ®nal volume) that comprised 5 pmol test oligonucleotide preannealed with 20 000±50 000 c.p.m. 5¢-32 P-target RNA, and 10±15 pmol target DNA in 60 mM Tris±HCl pH 7.8 containing 2 mM dithiothreitol, 60 mM KCl and 2.5 mM MgCl 2 (unless otherwise indicated). Duplexes were preincubated at 90°C for 5 min, followed by slow cooling to room temperature over a 1 h period. Following pre-incubation, reactions were started by the addition of 0.1±1 U E.coli RNase H1 and then allowed to proceed for varying times at 22±24°C. Aliquots of 8 ml were removed at each desired time point and quenched by the addition of 8 ml of loading buffer (98% deionized formamide, 10 mM EDTA, 1 mg/ml bromophenol blue, 1 mg/ml xylene cyanol) and heated at 100°C for 5 min. The reaction products were resolved by electrophoresis using a 16% polyacrylamide sequencing gel containing 7 M urea and visualized by autoradiography.
Competitive binding assays
These experiments measured the ability of various duplexes to inhibit the RNase H-mediated degradation of a 5¢-32 P-labeled RNA:DNA 18 bp duplex substrate. Each competitor duplex (30 pmol) was pre-annealed prior to addition to an assay comprised of pre-annealed 5¢-32 P-rA 18: dT 18 (5 pmol) in 60 mM Tris±HCl pH 7.8, 2 mM dithiothreitol, 60 mM KCl and 2.5 mM MgCl 2 . Reactions were initiated by the addition of 0.5 U E.coli RNase H1 and then allowed to proceed for varying times at 22°C. Aliquots (8 ml) were quenched and resolved as above.
Quantitation of gel radioactivity
All assays were quantitated in the linear range of the gel. Each ®lm was scanned into a picture ®le and then digitized using the UN-SCAN-IT â automated gel digitizing software v.4.1 (Silk Scienti®c Corp.). The percentage of rA 18 or I 6 remaining over time was calculated by quantitating the amount of the 18mer band in one lane on the gel (representing one time point) as a percentage of the total radioactivity present in that entire lane.
RESULTS AND DISCUSSION
To evaluate the ability of a modi®ed RNA strand to elicit RNase H1 activity, we synthesized oligonucleotides 18 units in length comprised solely of 2¢-deoxy-2¢-¯uoro-b-D-ribonucleotides (2¢F-RNA) as well as chimeras containing both 2¢F-RNA and RNA residues ( Table 1 ). All oligomers were tested for hybridization af®nity (T m measurements, Table 2 ) and for the ability to direct cleavage by E.coli RNase H1.
The melting curves of the modi®ed oligonucleotides hybridized to DNA or RNA exhibited`sharp' monophasic transitions, indicative of formation of a single cooperative complex. As expected, the thermodynamic stability of 2¢F-RNA/RNA as well as 2¢F-RNA/DNA duplexes are higher than those of corresponding RNA/RNA and RNA/DNA duplexes (26) ( Table 2 ). This is consistent with the higher preorganization of the 2¢F-RNA residues in the C3¢-endo conformation which entropically favors double helix formation (24, 25) . Also worth noting is the fact that all duplexes tested for RNase H1 degradation displayed thermal stability well above 22±24°C (the temperature of the RNase H1 assay), indicating that the strands were fully associated upon incubation with the enzyme.
Interestingly, the T m of the I 4 /DNA duplex (35.2°C) is lower than that of rA:dT (39.0°C). This is puzzling considering that the 14 pre-organized 2¢F-RNA residues present in I 4 /DNA should in theory enhance the thermodynamic stability of this duplex relative to the native RNA/DNA duplex. The role of the 2¢-OH groups in hydration of the duplex may be responsible for the observed decrease in T m . This proposal is consistent with the suggestion that RNA/RNA duplexes are generally more stable than DNA/DNA duplexes because the 2¢-OH groups in RNA duplexes propagate conserved networks of water molecules that stabilize the duplex (34) . Despite the suggestion that¯uorine atoms are also hydrated (35) , the stabilization provided by¯uorine as compared to hydroxyl groups is likely not as signi®cant. It is hence clear that 2¢F-RNA residues can provide a stabilizing entropic effect at the expense of a stabilizing hydration effect provided by 2¢-OH RNA residues. Therefore, the drop in T m for the F 1 :dT and F 4 :dT systems would suggest that the destabilization generated by introducing RNA units is more signi®cant than the gain in stability provided by hydration. There will be a point, however, where these effects will`balance out' such that one would start seeing an overall gain in stability after introducing even more RNA units (e.g. I 6 or I 10 ). Figure 1 summarizes the results of the RNase H1 assays conducted in this study. The lanes indicated by a ± sign represent the controls of each assay prior to the addition of RNase H, and those with a + sign represent reactions of duplexes after a 30 min incubation time with RNase H. Our initial objective was to examine whether a modi®ed sense oligonucleotide, upon binding to a DNA target, is capable of being degraded by RNase H1. Hence, we ®rst examined the susceptibility of fully modi®ed 32 P-labeled rFA 18 (rFA) bound to dT 18 (dT) to degradation by E.coli RNase H1 (Fig. 1, lanes 5  and 6) . This was done in conjunction with three controls: an RNA:DNA control, rA:dT (Fig. 2, lanes 1 and 2) and two RNA:RNA controls, rA:rU (Fig. 1, lanes 3 and 4) and rFA:rU (Fig. 1, lanes 7 and 8) . The degradation ladder found in Figure 1 (lane 2), which corresponds to the natural RNA/DNA substrate, con®rms the viability of the assay. Furthermore, as expected, neither RNA/RNA (lane 4) nor 2¢F-RNA/RNA (lane 8) served as substrates of RNase H1. With respect to the test in question (rFA:dT), the absence of a degradation ladder in lane 6 demonstrates that the fully modi®ed 32 P-labeled rF-RNA sense strand bound to its complementary DNA antisense strand is not a substrate of RNase H1.
Previous studies have elucidated the importance of the 2¢-OH groups in the general catalytic mechanism of RNase H1, mainly that the divalent metal cation interacts with the 2¢-OH group of the nucleotide 5¢ to the scissile linkage by forming an outer sphere metal hydrate complex (36) . Furthermore, other studies have suggested that the 2¢-OH group of the nucleoside 3¢ to the scissile linkage acts as both a proton donor and an acceptor (37) . In other words, the 2¢-OH functionality may act as a general base to facilitate the nucleophilicity of an attacking water molecule or as a general acid to increase the electrophilicity of the phosphorus center (Fig. 2) . By replacing a hydroxyl group with a¯uorine, not only have the general acid capabilities of the hydroxyl group Reactions were started by the addition of 0.5 U E.coli RNase H at 22°C and were quenched after 30 min reaction time. The base hydrolysis ladder was prepared by incubation of 5¢ endlabeled RNA at 90°C for 15 min in 10 ml of 100 mM sodium carbonate pH 9.0. ±, an aliquot from the reaction mixture prior to the addition of enzyme; +, an aliquot from the reaction mixture after a 30 min incubation with enzyme. rFA, rFA 18 ; I 1 , rFA 8 (rA) 1 rFA 9 ; I 4 , rFA 7 (rA) 4 rFA 7 ; I 6 , rFA 6 (rA) 6 rFA 6. Note that the low intensity bands of degradation observed in the ± lanes are indicative of non-enzymatic background degradation of labeled oligonucleotides. been abolished, but the basic capabilities of the 2¢ moiety have also been reduced because¯uorine generally acts as a weak base. All other factors being equal, a modi®ed sense strand containing a 2¢ functionality with diminished general acid and base properties loses the power to elicit RNase H1 activity. These ®ndings could explain why a fully modi®ed sense strand (rFA 18 ) that lacks the critical 2¢-OH moiety (rFA 18 ) is not cleaved by the enzyme. We next examined the susceptibility of the modi®ed sequence I 1 (with one 2¢-OH substitution within a 2¢F-RNA 18 strand) to RNase H1 degradation in anticipation of possible cleavage at the site of hydroxyl substitution. As with the fully 2¢F-modi®ed sense strand, I 1 :dT was also not a substrate of RNase H1, as can be seen from the absence of a degradation ladder in Figure 1 (lane 10) . This implies that RNase H1 requires a minimum number of hydroxyl groups within the backbone of the sense strand for recognition and/or hydrolysis of the substrate. We hence set out to determine this number by treating oligomer I 4 (with four hydroxyl substitutions) bound to dT 18 with RNase H1 (Fig. 1, lane 13) . Interestingly, four hydroxyl insertions (I 4 :dT) were not suf®cient to elicit cleavage of the hybrid. This is somewhat different to the ®ndings of Hogrefe et al. (38) , who determined that a DNA/DNA duplex incorporating four contiguous RNA units is a substrate for RNase H1. The discrepancies likely result from the different structural features of duplex DNA (Hogrefe system) as compared to a DNA/RNA-like hybrid (I 4 /DNA). By using a system that more closely mimics the natural DNA/RNA substrate, we feel we were able to more precisely ascertain the sense strand gap requirements of RNase H1.
Next we prepared the six hydroxyl substitution sequence (I 6 ) and tested its ability to activate RNase H1. Indeed, the data shows that the I 6 :dT hybrid duplex served as a substrate of RNase H1 (Fig. 1, lane 18) . Unfortunately, since 2¢F-RNA monomers are no longer commercially available, we were unable to synthesize and test the I 5 sequence (with ®ve hydroxyl substitutions), and hence cannot state at this time that RNase H1 requires a minimum of six 2¢-OH residues within the sense strand to hydrolyze its substrate. Nevertheless, it is safe to conclude that in order for RNase H1 to bind and cleave a DNA/RNA substrate, the enzyme requires more than four contiguous 2¢-OH groups within the sense strand.
The majority of studies to date have shown that the minimum number of consecutive natural DNA residues required within the antisense strand to elicit E.coli RNase H1 is also only four (20, 39) . In theory, one would expect the minimum gap requirement for both the antisense and sense strands to be similar, considering that RNase H1 is binding to both strands of the duplex. This theory may still hold, however, for one cannot ignore the possible discrepancies with respect to this`minimum' DNA antisense gap required to elicit the enzyme, with some research groups reporting ®ve as the minimum gap requirement (40) . These discrepancies may be attributed to the different sources of E.coli RNase H1 and/ or differences based on the location of the gap within the antisense strand. Nevertheless, the majority of studies have shown that E.coli RNase H1 requires only four natural DNA residues within the antisense strand for recognition and hydrolysis of a duplex substrate.
In a similar argument to that presented above, the difference in gap requirement within the sense and antisense strands may also be due to structural differences amongst the two hybrid systems studied. Hybrids used to study the gap requirements within the antisense strand have been mainly RNA/RNA-like (A-form), whereas hybrids used in this study to examine the gap requirements within the sense strand are more DNA/ RNA-like (`A-like form'). Thus, helical structure, which has been shown to play a key role in RNase H1 recognition (19) , could have accounted for the deviating gap requirements observed.
Next, we conducted a series of competitive binding studies in order to determine whether RNase H1 is capable of binding to a DNA/RNA-like substrate lacking 2¢-OH moieties within the sense strand. To do this, we tested the binding af®nity of both 2¢F-RNA:DNA and 2¢OMe-RNA:DNA via experiments that measured the ability of these duplexes to inhibit the RNase H1-mediated degradation of a wild-type 5¢-32 P-labeled RNA:DNA duplex substrate ( 32 P-rA 18 :dT 18 ) (Fig. 3A) . In this experiment, natural RNA/RNA and DNA/DNA substrates were used as competitive controls. RNA/RNA duplexes have the proper A-form conformation required for binding to RNase H1 (20) , but are not hydrolyzed by the enzyme due to a non-optimal minor groove width (41) and/or the presence of protruding 2¢-OH groups in the minor groove of the helix which block the catalytic site of the enzyme upon binding (18) . Accordingly, one can see from Figure 3A that the competitor RNA/RNA duplex is clearly binding to the enzyme at all three concentrations of substrate as it is retarding the rate of degradation of the wild-type substrate. A DNA/DNA duplex, however, is not recognized by RNase H1 and, accordingly, does not retard the rate of degradation of the wild-type substrate in Figure 3A . Clearly then, the lack of inhibition displayed by either the 2¢OMe-or 2¢F-RNA/DNA duplexes, even at a 10-fold concentration of competitor duplex (20 nM concentration of substrate), indicates that these substrates bind weakly or not at all to the substrate. This is in line with the results obtained by Lima and Crooke (20) , who tested the binding af®nity of RNase H1 to 2¢OMe-RNA/DNA, a hybrid that mimics the conformation of a normal RNA/DNA hybrid. Their data showed that the association constant between RNase H1 and the 2¢-O-methylated substrate was one-thirtieth of that between enzyme and the natural substrate.
They suggested that very weak af®nity consequent to 2¢-Omethylation may be due to steric hindrance by the methyl groups and/or loss of the hydrogen bonds. Choosing a modi®cation such as¯uorine rather than a methoxy group allowed us to bypass the steric hindrance argument imposed by the methyl group. Thus, these ®ndings strongly suggest that the 2¢-OH group within the sense strand plays a key role in the binding step of the substrate to RNase H1.
Similar studies were conducted with sequences I 1 and I 4 as well (Fig. 3B) . As can be seen from the ®gure, neither rFA:dT, I 1 :dT nor I 4 :dT seem to be acting as competitive inhibitors of the enzyme at a substrate concentration of 20, 50 or 100 nM. Thus, one can conclude that the lack of suf®cient 2¢-OH groups within the sense strand disrupts the binding af®nity of RNase H1 for these helices. In fact, these results reinforce our notion that the 2¢-OH groups of the sense strand are involved in both the binding and catalytic steps of E.coli RNase H1. The possible role of the 2¢-OH groups in hydration of the duplex (34) and in providing essential water molecules that can act as anchors for the enzyme might be an explanation as to why these molecules do not bind to the enzyme.
Next, the exact locations of the RNase H1-mediated cleavage sites in the I 6 :dT sequence were determined by examining the degradation products adjacent to an I 6 alkaline cleavage ladder (Fig. 4) . Upon treatment with base, sugars containing 2¢-OH groups are susceptible to internucleotide cleavage which occurs via an in-line attack on the internucleotide phosphorus center, followed by hydrolysis of the 2¢,3¢-cyclic phosphate intermediate to form 2¢/3¢-monophosphate and 5¢-hydroxyl products (42) . 2¢F-RNA sugars are less susceptible to base hydrolysis due to the lack of the 2¢-OH moiety within the sugar backbone. Accordingly, when I 6 alone is exposed to an alkaline solution (pH 9.0, 90°C), six products are formed, consistent with hydrolysis occurring only at each of the six ribose (2¢-OH) units present within oligomer I 6 (Fig. 4) . It is important to note, however, that there exists a slight shift in mobility between enzymatically hydrolyzed 5¢-32 P-labeled fragments (I 6 /dT) and chemically hydrolyzed 5¢-32 P-labeled fragments (I 6 alkaline ladder). This shift originates from the fact that RNase H1 hydrolyzes an RNA strand leaving 5¢-phosphate and 3¢-hydroxyl oligonucleotide products (1,2) (refer to the mechanism in Fig. 2) , whereas chemical hydrolysis results in 5¢-hydroxyl and 2¢/3¢-phosphate products. This same reasoning can be used to explain the presence of two distinct adjacent degradation bands in some RNase H1 assays where background chemical cleavage (induced by the reaction medium prior to the addition of enzyme) was present.
By examining the pattern of cleavage of I 6 by RNase H1 in Figure 4 , it is clear that cleavage only occurred at positions within the modi®ed RNA strand containing ribose sugars (2¢-OH), implying that the 2¢-OH moiety is indeed involved in the hydrolytic step of the enzyme as well. Furthermore, we observe three dominant sites of cleavage corresponding to positions A 9 , A 10 and A 11 , and a slower rate of cleavage at position A 12 . Very little cleavage, if any, was observed at positions A 8 and A 7 , which correspond to the ribose (2¢-OH) residues closest to the 5¢ end. Previous structural studies have suggested that the enzyme exhibits a selective binding directionality with respect to the RNA strand of the heteroduplex substrate such that the binding region of the enzyme is positioned several residues 5¢ to the catalytic region (6, 18) . Furthermore, it was also suggested that RNase H1 initiates an endonucleolytic cleavage near the 3¢ end of the RNA and then exonucleolytically degrades the RNA in the 3¢®5¢ direction with respect to the RNA sense strand (43) . Our degradation patterns conform with these ®ndings.
We have shown that RNase H1 is not capable of binding a fully modi®ed 2¢F-RNA strand bound to its DNA complement and that RNase H1 requires a minimum number of hydroxyl groups within the sense strand to bind to its substrate. This, along with the suggested catalytic importance of the 2¢-OH moiety, suggests that the RNase H1 binding domain cannot bind to regions of the duplex lacking 2¢-OH groups within the sugar backbone of the sense strand. Extending this to our I 6 :dT substrate, we can hence assume that RNase H1 does not bind between regions A 1 ±A 6 and A 13 ±A 18 because they are 2¢F-RNA domains lacking a 2¢-OH group. The only possible region where binding could occur is between sugars A 7 and A 12 . Considering the cleavage pattern observed, and assuming that the binding domain exists 5¢ to the catalytic domain, we propose that RNase H1 binds close to sugars A 7 and A 8 within the duplex in a way that masks those sites from cleavage. The catalytic domain, located 3¢ to the binding domain, is then able to cleave the sense strand at positions A 9 , A 10 , A 11 and A 12 . Also worth noting is the fact that the intensity in none of the degradation bands decreased over time, indicating that Figure 4 . RNase H1-mediated degradation of I 6 /dT adjacent to an I 6 non-enzymatic alkaline cleavage ladder. AON (dT 18 ) (15 pmol) was pre-annealed with 15 000 c.p.m. of 5¢-32 P-target I 6 [rFA 6 (rOH) 6 rFA 6 ] in 60 mM Tris±HCl pH 7.8 containing 2 mM dithiothreitol, 60 mM KCl, 2.5 mM MgCl 2 . The reaction was started by the addition of 0.2 U E.coli RNase H at 22°C and aliquots of the reaction were quenched after 0, 3, 6, 12, 20 and 30 min by the addition of denaturing buffer. Note that time 0 represents an aliquot from the reaction mixture taken prior to the addition of enzyme and hence represents a negative control for the reaction. The non-enzymatic alkaline cleavage ladder was prepared by incubation of 5¢ end-labeled I 6 at 90°C for 15 min in 10 ml of 100 mM sodium carbonate pH 9.0. RNase H1 cuts each I 6 strand at only one position and does not further process the degraded substrate.
Since the I 4 :dT duplex (with four hydroxyl substitutions) did not bind to the enzyme, we can conclude that the binding domain requires a DNA/RNA hybrid segment of at least 5 or 6 bp (region A 6 ±A 12 in I 6 /dT). According to this model, and to the observed cleavage patterns, the binding and catalytic domains must somehow overlap because cleavage in I 6 :dT is only observed between positions A 8 and A 12 , which constitutes a segment where RNase H1 is likely binding due to the presence of the essential 2¢-OH groups. This contrasts with the proposal by Lima and Crooke (44) that there exist at least ®ve residues between the binding and catalytic sites of E.coli RNase H1. The only way that the binding and catalytic domain could be at least ®ve residues apart in our system is if the RNase H1 binding domain is capable of binding to the region of the helix lacking 2¢-OH moieties (A 1 ±A 6 ). But if this is possible, one cannot explain why cleavage at position A 8 did not occur. We propose instead that the catalytic and binding domains of E.coli RNase H1 are closer in proximity than has 18 in 60 mM Tris±HCl pH 7.8 containing 2 mM dithiothreitol, 60 mM KCl, 2.5 mM MgCl 2 . The reactions were started by the addition of 0.2 U E.coli RNase H at 22°C and aliquots of the reaction were quenched after 0, 15 and 30 min by the addition of denaturing buffer. Note that time 0 represents an aliquot from the reaction mixture taken prior to the addition of enzyme. Also note that a`smiling effect' occurred at the lower end of the gel due to a prolonged electrophoretic exposure time.
been previously suggested and might not be completely separate entities in themselves.
Modeling studies based on the crystal structure of the enzyme alone suggest that RNase H1 interacts with 9±10 bp of RNA/DNA hybrids (41, 45) . According to this, the enzyme is likely interacting with I 6 :dT at both the modi®ed (2¢F-RNA) and natural (RNA) portions of the I 6 sense strand. Although the enzyme might contact 9±10 bp within the I 6 :dT duplex, our conclusions suggest that the actual binding interaction likely constitutes a segment consisting of only about 5 or 6 bp. Con®rming such ®ndings would require a co-crystal structure of RNase H1 with its substrate.
Another modi®ed sense strand that was tested in our RNase H1 assays is F 1 ( Table 1) . This sequence represents an oligoribonucleotide containing a single 2¢F-RNA sugar substitution in the center. As expected, the F 1 :dT duplex was a substrate of RNase H1, but to study more precisely the effects of a single 2¢-OH ® 2¢F-RNA substitution on processivity of this modi®ed sense strand, we compared the RNase H1-mediated degradation products of an F 1 /dT duplex adjacent to those of an RNA/DNA substrate (rA/dT) (Fig. 5) . Note that these assays revealed the presence of two distinctly close degradation bands that resulted from the presence of both background chemical cleavage products (represented in the lane 0 min) and enzymatic cleavage products (represented by the lanes 15 and 30 min).
As can be seen from Figure 5 , the`interference ®ngerprint' (denoted by the box) indicates that the single 2¢F-RNA modi®cation at position A 9 interfered with the ability of RNase H1 to cleave at that site, as well as at the two adjacent sites (A 8 and A 10 ) around it. The absence of degradation at position A 9 was expected and con®rms the notion that RNase H1 requires the 2¢-OH moiety for cleavage. Furthermore, the lack of degradation at positions A 8 and A 10 agrees with the propositions recently made by Iwai et al. (37) . They proposed that the 2¢-OH group of the nucleoside on the 3¢ side of the scissile linkage acts as both a proton donor and an acceptor and that the 2¢-OH group of the second nucleoside 5¢ to the scissile linkage acts as a proton acceptor. Translating this to our system, cleavage cannot occur at position A 10 due to the absence of the essential 2¢-OH group on the nucleoside (A 9 ) 5¢ to the scissile linkage. Moreover, cleavage cannot occur at position A 8 due to the lack of the same 2¢-OH group on the nucleoside (A 9 ) now 3¢ to this scissile linkage.
Circular dichroism studies
If by modifying the 2¢-OH group into a 2¢-F within the sense strand in turn changes the overall conformation of the resulting helix, a negative result from a RNase H1 assay cannot be used to directly implicate the 2¢-OH group in the mechanism of cleavage of RNase H. For this reason, CD spectral analysis was used to establish whether incorporation of 2¢F-RNA units within RNA has a fundamental in¯uence on the conformation of the hybrid duplex structure.
The CD spectra of the duplexes studied are shown in Figure 6 . The rA 18 /dT 18 duplex, which is intermediate between the A-form and B-form, has a large positive peak from 255 to 290 nm, a negative peak around 247 nm and a positive peak at 220 nm. The CD spectra of the riboF-A 18 / dT 18 , I 1 :dT and I 4 :dT duplexes are similar to the rA 18 /dT 18 spectrum, suggesting that all duplexes share similar conformations in solution.
General model reviewing the molecular requirements and mechanism of action of RNase H
In conclusion, our ®ndings have been incorporated into a general model reviewing the mechanism of action of E.coli RNase H1. In the ®rst stage, it has been suggested that RNase H1 assists in the formation of the mRNA/AON complex (46). This is followed by binding of RNase H1 to its substrate. For binding to occur, the following prerequisites must be met: (i) an A-form helix, which includes DNA/RNA and RNA/RNA type duplexes (19, 20, 47) ; (ii) at least ®ve or six ribonucleotide (2¢-OH) residues in the sense strand of the substrate (this work); (iii) the presence of a divalent metal cation (1) such as Mn 2+ or Mg 2+ ; (iv) 9±10 bp within a Figure 6 . CD spectra of oligonucleotides hybridized to dT 18 at 5°C (2.3 mM, in 140 mM KCl, 1 mM MgCl 2 and 5 mM Na 2 HPO 4 , pH 7.2).
DNA/RNA hybrid (45, 46) , even though the actual binding interaction likely only requires 5±6 bp (this work); (v) the key amino acid residues required for binding (Cys13, Asn44, Asn16 and Asn45), which have been shown to contact both the RNA and DNA strands (19) .
Once bound, the following criteria must be met by the substrate for ef®cient RNase H mediated hydrolysis to occur: (i) the AON/RNA duplex should have an intermediate minor groove width similar to that of DNA/RNA-like hybrids, which is wide enough to accommodate the chemical reaction that will take place at the cleavage site (19, 48) ; (ii) the presence of a 2¢-OH moiety in the sugars 5¢ and 3¢ to the scissile linkage (37; supported by this work); (iii) no protrusions in the minor groove that might interfere with the 2¢-OH metal hydrate complex (36); (iv) the key amino acids required for catalysis are Asp10, Asp70, His124, Asp34 and Glu48 (6,49±51).
With respect to the molecular mechanism of action of RNase H1 at the catalytic site, the most recent general acid±base mechanism (49), outlined schematically in Figure 7 , suggests that Asp10 and Asp70 are responsible for the binding of the Mg 2+ ion to the correct position in the active site of the enzyme; His124 accepts a proton from the attacking water molecule A, which acts as a general base; Asp34 holds this water molecule; ®nally, Glu48 anchors another water molecule B that acts as a general acid. Furthermore, it has also been proposed that the pro-Rp-oxygen 3¢ to the scissile linkage contributes to orient His124 to the best position for the catalytic function through the formation of a hydrogen bond (52) . This entire process occurs in the minor groove of the DNA/RNA substrate (19) .
Once all criteria for binding and cleavage have been met, RNase H1, with its binding site located slightly 5¢ to its catalytic site with respect to the RNA strand, induces an endonucleolytic cleavage near the 3¢-terminus of the RNA strand, and then processively and exonucleolytically degrades the RNA in a 3¢®5¢ direction (with respect to the RNA strand) (6,18,43; supported by this work). Upon degradation of the RNA strand, or upon reaching a segment of the duplex that does not conform to the binding and/or catalytic requirements of RNase H1, the enzyme dissociates from the complex and is thus available to process another substrate.
